introduction
Knitted poly(ethylene terephthalate) (PET, Dacron™) and expanded polytetrafluoroethelene (ePTFE) have been regarded as the standard biomaterials for prosthetic vascular grafts in the cardiovascular bypass procedures. Examined over decades of use, both PET and ePTFE grafts have been shown to perform well at diameters > 6 mm, but neither material has been suitable for small-diameter (< 6 mm) applications because of various limitations, such as thrombogenicity or lack of elasticity [1, 2] . To overcome this restriction, much effort has been put in the development of scaffolds for vascular tissue engineering, which meet all requirements for an optimal vascular graft (e.g. mechanical support, biocompatibility, cell attachment…) [3] .
Electrospinning is a versatile method for spinning polymers to fine fibres. Since they possess high porosities and a large surface to volume ratio, electrospun scaffolds can be designed to mimic the natural extracellular matrix (ECM), thus promoting cell attachment and cell ingrowth [4] . The combination of biodegradable polymers, which exhibit good properties for cell material interactions (e.g. biocompatibility, cell ingrowth and cell attachment) with synthetic polymers, which possess the required mechanical strength is a common attempt in vascular tissue engineering [3] .
Of these materials, poly-(ε-caprolactone) (PCL) and chitosan (CS) is a promising combination. PCL is a synthetic biodegradable polymer, which is easily electrospinnable from methanol (MeOH)/chloroform (CHCl 3 ) or tetrafluoroethanol (TFE) and ensures the scaffold good mechanical properties but lacks blood and cellular compatibility because of its hydrophobicity [5, 6] . CS, a partly deacetylated derivative of chitin, is a linear polysaccharide, which is composed of glucosamine and N-acetyl glucosamine units linked by β (1, 4) glycosidic bonds. CS is a biocompatible, biodegradable, nontoxic material with antimicrobial activity [7] . CS nanofibres can be electrospun pure from different solvent systems like glacial acetic acid (AcOH)/water [8, 9] , trifluoroacetic acid (TFA)/dichloromethane (CH 2 Cl 2 ) [10] , or in mixture with poly(ethylene oxide) (PEO) [11] . PCL/CS-blended electrospun tubular scaffolds can be realised by several approaches. In most cases, PCL and CS are either dissolved into one solution and directly electrospun [12] [13] [14] or dissolved in separate solutions, which are subsequently mixed and electrospun from one syringe [15] [16] [17] . Although the electrospinning setup is kept very simple, this approach has certain limitations regarding the ratio of PCL and CS in one solution. The polyelectrolyte properties of CS limit its solubility in acidic solutions. This limited solubility and the chain entanglement problem in acidic conditions, affect the blend of CS with PCL in the same solvent system [12] . In another approach, PCL and CS solutions are prepared and independently electrospun from two syringes, allowing for the fabrication of material gradients [18, 19] .
Despite the well-known difficulties to fabricate tubular samples with adequate wall thicknesses and tensile strengths, testing of these properties is avoided in most studies [3] . Also, in all present studies, the result of blended PCL/CS electrospinning is a homogeneous nanofibrous mat on which the PCL and CS fibres are not morphologically distinguishable, which could lead to reduced pore sizes [14] . In this study, the electrospinning 
morphology
The morphology of the electrospun fi bres was investigated using a scanning electron microscope (SEM) XL 30 ESEM (Philips Electron Optics, NL). Free image processing software (imageJ) was used to measure the fi bre diameters. Mean fi bre diameter ± standard deviation (SD) was calculated from 100 individual fi bres.
mechanical characterisation
Tensile testing of the electrospun tubular PCL/CS scaffolds was carried out with a standard testing machine (Zwick GmbH, Germany). The loading rate was 10 mm/min, the load cell was 5 N with a gauge length of 15 mm. The tubular samples were cut into strips of 25 x 5 mm, the sample thickness was 0.2-0.3 mm. The nominal strength (kPa) of the sample was calculated by the loading force (N) divided by the nominal crosssection area. Twelve samples of each condition were tested, breaking strength and elongation at break were calculated. All quantitative data are presented as mean ± SD.
of PCL and CS from independent spinning solutions with a dual-syringe electrospinning setup is studied. The infl uence of different CS solutions on the fi bre formation, fi bre morphology, mechanical strength and realisable wall thickness of the tubular samples is studied. A solvent system, which preserves the native fi bre morphology and fi bre diameter of each component (PCL and CS) and possesses adequate tensile properties, is presented. Fabricated blended PCL/CS nanofi brous tubes are characterised in terms of their suitability as scaffolds for vascular tissue engineering.
experimental 2.1. materials
CS (95/500) was provided by Heppe Medical Chitosan, Germany. PCL (Mw=70,000-90,000 Da) was purchased from Sigma Aldrich, USA. De-ionised water, AcOH, PEO, TFA, CH 2 Cl 2 , CHCl 3 and MeOH were used from Merck, Germany.
Preparation of electrospinning solutions
PCL (10 wt%) was dissolved in CHCl 3 /MeOH (6:1 v/v). CS-PEO solution was prepared by mixing stock solutions of CS (2 wt% CS in 20 vol% AcOH aqueous solution) and PEO (3 wt% PEO in 0.5 M AcOH aqueous solution) in the ratio (6:4 v/v). CS-TFA solution was prepared by dissolving CS (6 wt%) in TFA/CH 2 Cl 2 (7:3 v/v). CS-AcOH solution was prepared by dissolving CS (6 wt%) in 90 vol% AcOH aqueous solution. All electrospinning solutions were stirred at room temperature for 24 hours and subsequently fi ltered through a 0.1 mm PTFE membrane.
electrospinning setup
The dual syringe electrospinning setup used for the fabrication of the 3D nanofi brous tubes is shown in Figure 1 . The syringes (a) (PCL solution) and (b) (CS solutions) were simultaneously fed by syringe pumps and connected to a high voltage generator. As collector, a rotating metal rod (4 mm diameter) was used. The rotating speed was set at 500 rpm. When fabricating the samples, syringe (a) was always loaded with PCL, whereas syringe (b) was consecutively loaded with the different CS solutions. The fi xed electrospinning parameters, as obtained from preliminary experiments, are described in Table 1 . . This could be due to the interaction of the different electrospinning solutions. Hence, no stable tubular samples could be obtained. PCL/CS-AcOH samples (Figure 3 e, f) exhibit a random fibre alignment. Two different fibre types can be distinguished. Thick fibres (fibre diameter 1204 ± 221 nm) with an uneven surface are intermingled by a network of very fine fibres (fibre diameter 98 ± 42 nm), which also form few beads. The thick fibres display both similar morphology and fibre diameter ranges as samples electrospun from PCL only, whereas the network of very fine fibres is typical for samples electrospun from CS-AcOH solutions. This conservation of the typical fibre morphologies prompts that the combination of PCL and CS-AcOH seems to cause the least interactions between the different polymer solutions. 
Pore size
The pore size and pore distribution of the fabricated samples was measured by means of capillary flow porosimetry (pore size meter PSM 165, TOPAS GmbH, Germany) adhering to ASTM E1294-89 and ASTM F316-03, with a capillary constant of 28.6 [20] . As testing fluid, a perfluorocarbon (surface tension σl = 16 mN/m), which secures complete wetting of the scaffolds without swelling, was used. The tubular samples were cut into squares of approximately 12 x 12 mm. Three samples of each condition were tested to assure better accuracy.
results and discussion

atr-ftir
The ATR-FTIR spectra of the PCL/CS-blended nanofibrous tubes are shown in Figure 2 . All samples show a peak around 1721 cm −1 , which is assigned to the C=O (carbonyle) stretching of PCL. This peak was comparedly weak for the PCL/CS-TFA samples, thus suggesting a lower proportion of PCL. The amide (I) band (C=O stretching) around 1675 cm −1 could only be clearly distinguished at the PCL/CS-TFA samples, since the shoulder of the strong peak around 1721 cm −1 (C=O stretching) overlapped with the amide (I) band at the PCL/CS-AcOH and PCL/CS-PEO. The peaks around 1540 cm −1 , present at the PCL/CS-AcOH and PCL/CS-TFA samples can be assigned to the amide (II) bands (NH bending). The interpretation of the ATR-FTIR spectra suggests that both, PCL and CS in the PCL/CS-blended nanofibrous samples are present in PCL/CSAcOH and PCL/CS-TFA samples. Because of the absence of both amide (I) and (II) bands in the PCL/CS-PEO samples, only PCL could be validated.
morphology
The morphology of the nanofibrous tubes electrospun from different blends of PCL and CS is shown in Figure 3 their tensile strength and elongation. However, compared to pure PCL, blended PCL/CS nanofi bruos tubes possess less tensile strength. The blended PCL/CS-AcOH nanofi brous tubes extend the tensile strength of human coronary arteries, thus matching the tensile requirements as scaffolds for vascular tissue engineering [21] . Also, the elongation of the nanofi brous PCL/CS-AcOH tubes lies in the same range as human coronary arteries [22] . Figure 6 shows the pore size distribution of PCL and PCL/CSAcOH samples. PCL/CS-PEO and PCL/CS-TFA possessed too low wall thicknesses for undamaged measurements. Mean pore sizes were 0.9 ± 0.4 µm (PCL) and 1.1 ± 0.8 µm (PCL/ CS-AcOH), respectively. Although no signifi cant difference in the mean pore sizes could be determined (p=0.07), the curves of the pore size distribution show that the PCL samples have a peak at approximately 0.9 µm and a rather narrow distribution of pore size, whereas the PCL/CS-AcOH samples show a wider pore size distribution with a peak at approximately 1.1 µm, which is less distinct. The pore size measurements revealed that the blended PCL/CS nanofi brous tubes possess interconnected, microscaled porous structures, thus showing favourable preconditions as scaffolds for vascular tissue engineering [23] . mm (Figure 4 c) , which matches the wall thickness of human coronary arteries [21] . The samples fabricated from PCL/CSAcOH solution led to stable tubes (Figure 4 d) , which may be used in further applications, for example, vascular tissue engineering. Figure 5 shows the tensile strength for the fabricated samples, with a sample made of pure PCL as reference. The tensile strength of PCL/CS-PEO and PCL/CS-TFA samples could not be measured since the wall thickness of these samples was too small (< 0.1 mm) to obtain stable samples. For the PCL/CS-AcOH samples, a breaking strength of 3010 ± 540 kPa and an elongation at break of 100 ± 6% was measured. The reference sample (pure PCL) showed a breaking strength signifi cantly different from PCL/CS-AcOH of 6590 ± 1080 kPa and an elongation at break of 103 ± 22%. Typical stress-strain curves are displayed in Figure 5 b. For both PCL and PCL/CSAcOH, the curves show a linear increase until an elongation of approximately 15% (PCL) and 8% (PCL/CS-AcOH), with initial moduli (measured at 6% elongation) of 21 ± 0.8 MPa (PCL) and 6.2 ± 0.4 MPa (PCL/CS-AcOH), respectively. After this linearity, the slope of PCL decreases until fracture, whereas for PCL/CS-AcOH the slope fl attens and slightly increases again until fracture. The mechanical characterisation shows that the PCL present in PCL/CS-AcOH samples accounts for both, 
Pore size
mechanical characterisation
Conclusions
This basic research led to mechanically stable tubes made of blended PCL/CS nanofibres. Tubular samples with wall thicknesses 0.3-0.4 mm and mechanical properties matching native blood vessels [3] could be successfully fabricated, thus proving that mechanically stable grafts may be fabricated by PCL/CS tubular electrospinning. The combination of PCL and CS dissolved in AcOH proved to be the most suitable solution for the electrospinning of blended PCL/CS nanofibrous tubes. The native fibre morphology of electrospun PCL and CS fibres could be preserved, leading to a hierarchical structure (thick PCL fibres intermingled by a very fine CS-fibre network). By the addition of CS, the mean pore size of the electrospun samples was increased. This could be valuable in cell culture studies since it could be advantageous for cellular ingrowth and enable the selective cell attachment on the CS nanofibres. The performance of these novel blended PCL/CS tubes as scaffolds for vascular tissue engineering will be proved in cell culture experiments. Also, the PCL/CS tubes could be subsequently functionalised for improved cell-material interactions. 
